
1. Introduction

In lowland rivers across the globe, most sediment 
transport takes place as suspended load (e.g., Wall-
ing & Fang, 2003), a term that refers to all suspend-
ed material carried by a river. This load consists of 
two major components, viz., mineral and organic 
matter; these demonstrate different concentration 
change dynamics under the influence of natural 
and anthropogenic processes occurring in the riv-
er catchment. The suspended sediment concentration 
(SSC) during a hydrological year depends on me-
teorological, hydrological and biological factors, as 

well as on geomorphological and geological influ-
ences. An important role is also played by anthro-
pogenic factors such as land use type and transfor-
mation of the catchment landscape by, inter alia, 
hydrotechnical constructions, dam reservoirs, train-
ing work carried out in the riverbed and mining. 
Anthropogenic activities may result in rapid posi-
tive and negative changes in suspended load across 
a relatively small area and in a relatively short time 
(Siakeu et al., 2004; Warrick & Rubin, 2007; Walling, 
2008; Skolasińska & Nowak, 2018); as such, they 
must be considered when interpreting fluctuations 
in SSC.
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Conventional approaches to the study of sus-
pended load are based on determining the total SSC, 
i.e., the sum of mineral and organic matter. This ap-
proach makes it difficult, if not impossible, to de-
termine the impact of multiple factors on changes 
in suspension concentration precisely. This may be 
one of the reasons why the factors that influence 
sediment flux variation in rivers, and the relation-
ships between them, remain relatively poorly un-
derstood and require further research (Vercruysse 
et al., 2017; Peng et al., 2020; Vercruysse et al., 2020). 
In addition, previous research on variations in sus-
pended sediment transport has also been found to 
be inadequate, as noted by Skolasińska & Nowak 
(2018) and Skolasińska et al. (2020).

Therefore, the present paper examines the fluc-
tuation ranges demonstrated by mineral and organ-
ic components of suspended load, and determines 
how their individual differences may influence 
the interpretation of other data sets taken as total 
SSC. The research draws on the findings of an in-
itial study of the River Warta in Poznań (western 
Poland) and an analysis of published results by oth-
er authors, whose findings confirm the need for a 
fresh interpretation of suspended load as a mixture 
of two components, viz., mineral and organic mat-
ter. I have not conducted systematic field research 
(only preliminary) on the topic of the present paper, 
nor is it intended to provide a complete discussion 
of the final research results. Rather, the aim is to em-
phasise the problem of qualitative differences in the 
composition of river suspension, not only quanti-
tative differences in suspension concentration. This 
is especially important in sedimentological studies 

based on SSC determinations, where the conclu-
sions on sources of the transported material, the 
rate of denudation processes and the general func-
tioning of the river catchment are drawn. It is as-
sumed that the approach proposed here will yield 
more accurate identification of the relationship 
between SSC and environmental factors, and with 
changes occurring in river catchments during the 
hydrological year. The emphasis will be on organic 
components and biotic processes, because these are 
rarely included in assessments of SSC dynamics.

2. Differences between mineral and 
organic components of suspended 
load

Suspended load consists of mineral and organic 
matter. The mineral component in turn comprises 
silty-clay particles with a diameter below 63 μm, 
which originate from river erosion, surface runoff 
and material blown in from the catchment area; its 
quantity is in many cases positively correlated with 
discharge. The organic component comprises phy-
toplankton and zooplankton and its concentration 
typically demonstrates seasonal fluctuations relat-
ed to the thermal profile of the river water. Howev-
er, it may be of both authigenic and allogenic origin.

The movement of suspended load varies consid-
erably over time (e.g., Jarocki, 1957; Olive & Rieger, 
1992; Skolasińska et al., 2020). It shows an uneven 
distribution on vertical and horizontal cross-sec-
tions of the river channel and concentrations of 

Fig. 1. Sketch for definition of the distribution of suspended solids in the vertical profile of the river (based on Shah-Fair-
bank & Julien, 2015, modified).
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both mineral and organic components tend to vary 
with depth in the water column, as demonstrated 
in Figure 1 (Shah-Fairbank & Julien, 2015). Due to 
the heterogeneous nature of the suspended load, 
some researchers have distinguished two catego-
ries: suspended-bed material load (or fine sediment load) 
and wash load (Einstein et al., 1940; Woo et al., 1986; 
Bettess, 1994; Yang & Simões, 2005; Khullar, 2007); 
the main differences between them are summarised 
in Table 1. Bettess (1994, p. 229) defined wash load 
as, “sediment that moves in suspension in the flow 
but is not represented in the bed of the channel” 
and noted that its transport was “supply dependent 
and [is] independent of the local flow conditions”. 
Thus, the amount of wash load transported cannot 
be calculated and predicted based on the transport 
capacity, contrary to bed-material load.

Many researchers do not take these differences 
into account and therefore consider suspended-bed 
material load and wash load to be synonymous, 
which is not correct and causes confusion. The first 
of these terms refers mainly to silt and clay, while 
the second refers to that part of the total load that 
is washed through the channel and not found in 
significant quantity on the bed (Woo et al., 1986; 
Biedenharn et al., 2006; Khullar et al., 2010; Yuill & 
Gasparini, 2011). This heterogeneity in suspension 
material should be well understood by researchers 
and taken into account when analysing the func-
tioning of the river catchment area and drawing 
conclusions on factors controlling the suspended 
sediment concentration and its dynamics.

In practice, during field measurements, it is not 
possible to separate the two categories because they 
are sampled simultaneously. Standard direct meas-
urements are based on point measurements (from a 
certain depth); briefly, a water sample of a certain 
volume is taken for laboratory analysis, in which 
the total concentration of suspended particles in the 
water is determined using filters: the direct weight 
method. The methodologies of such field work and 
laboratory analysis are always developed to mini-
mise errors (for instance, in Poland: Brański, 1967, 
1968; Pasławski, 1973).

The present hypothesis is that the mineral and 
organic components of suspended load demon-
strate different (discordant) content variability dur-

ing the hydrological year; as such, when analysed 
as a combined sample, the results may not accurate-
ly reflect the range of factors that can potentially af-
fect the suspended sediment concentration.

3. Pilot (initial) research in the River 
Warta at Poznań during a drought

Pilot measurements of SSC were performed in the 
middle course of the River Warta at Poznań (west-
ern Poland), a lowland meandering river with a 
mean gradient of 0.46‰ and ~0.27‰ near Poznań. 
From the nineteenth century until the 1970s, the riv-
er was here subjected to artificial regulations aimed 
at flood protection. The width and depth of the reg-
ulated channel at Poznań are dependent of water 
level and range from 40 to 50 m and from 1.5 to 3.0 
m, respectively. The average discharge is 111 m3/s 
(average high: 356 m3/s and average low: 41m3/s); 
the average water level is 268 cm (average high: 484 
cm and average low: 164 cm) (based on the period 
1961-1990; Kaniecki, 2004). High-water stages typi-
cally occur from February to May, whereas low-wa-
ter stages are observed from June to September, un-
less a rainfall-triggered high-water stage occurs. In 
recent years, however, this has changed under the 
influence of global warming (Ptak et al., 2019).

The measurements were taken in early Septem-
ber 2015 during a drought that led to a significant 
decrease in water level of all the main rivers in Po-
land, including the River Warta (Fig. 2A). Water 
samples were collected at the Lech Bridge (Fig. 2A) 
with a ‘TOŃ 2’ bathometer with a capacity of 5 litres, 
which was released on a rope from the bridge into 
the river (Fig. 2B). The water sample collection pro-
cedure is shown in Figure 2C, i.e., from the shallow 
subsurface zone (s) and from a deeper one (d). The 
SSC was determined in c. 3 litre samples using pa-
per filters, using the direct weight method. The wa-
ter samples from early September (i.e., the ongoing 
drought) identified a very high SSC, about 80 g/m3 
(Fig. 3); the suspension was primarily composed of 
organic matter, as based on observation with a bin-
ocular. The SSC test results indicate higher SSC at 
the banks than in the middle of the river, and lower 

Table 1. Comparison of the two components of suspended load.

Suspended bed-material load Wash load
periodically suspended by current turbulence suspended permanently
contribute to bottom deposits do not contribute to bottom deposits 
positive correlation between concentration and water 
discharge

lack of correlation between concentration and water 
discharge

mainly mineral matter mainly organic matter
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Fig. 3. The SSC (average of six measuring points) ob-
served in the River Warta at Poznań on selected days 
in 2015

Fig. 2. The sampling of the river water taken on 1st September, 2015 during a drought. A – The River Warta – the Lech 
Bridge at Poznań; B – Water sampling using a five-litre bathometer (type ‘TOŃ 2’); C – Direction of sampling (s – 
near surface, d – deeper).

Fig. 4. The SSC observed in the River Warta at Poznań, at specific measuring points on selected days.
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SSC at deeper levels than at the surface under con-
ditions of higher water temperature (23°C) and very 
low water level (118 cm) (Fig. 4). These results differ 
from the typical graphs (Fig. 1) of mineral suspend-
ed sediment, indicating that SSC is lowest at river 
banks and highest at the bottom (approximately 
three times more than near the water surface). In 
addition, higher SSC has been observed during pe-
riods characterised by low flow and high water tem-
perature, rather than during periods of high flow. 
This clearly indicates the need for further research 
including regular observations of SSC and its com-
position in lowland river sites to understand better 
the influences of the origin of particle suspension 
(mineral or organic) on fluctuations during the year.

4. A review of relationships observed 
between SSC fluctuations and selected 
environmental factors in lowland 
rivers

Analysis of SSC data often focuses on the varia-
tion in SSC in relation to changes in discharge. It 
is widely recognised that SSC correlates positively 
with discharge during isolated hydrological events, 
such as floods, resulting in a variety of hysteresis 
loops (Williams, 1989; Pagano et al., 2020). Previous 
studies on the River Warta, based on data taken be-
tween 1960 and 1980 (Skolasińska & Nowak, 2018; 
Skolasińska et al., 2020) did not find any clear re-
lationship between discharge and suspension con-
centration. The findings also indicate that during 
flooding, when discharge increases, SSC decreases; 
however, in some years, high SSC was observed in 
summer periods with low discharge. Previous stud-
ies of perennial lowland rivers, such as the River 
Elbe in Germany (observation period 1964-2015) 
(Hillebrand et al., 2018), the River Berounka in the 
Czech Republic (observation period 2002-2007) (De-
sortova & Puncochar, 2011) and those in Slovenia 

(observation period 1955-2006) (Bezak et al., 2016) 
demonstrate that the correlation between SSC and 
discharge is not distinct and unequivocal.

Long-term studies have demonstrated that SSC 
correlates positively with water temperature more 
closely than with discharge. In addition, SSC has 
been found to correlate with chlorophyll a level, in-
dicating that the main component of the suspension 
is organic matter (Desertova & Puncochar, 2011) 
(see Fig. 5). Generally speaking, in lowland rivers, 
fluctuations in SSC result mainly from seasonal 
changes, with the level rapidly increasing in SSC 
during the spring, peaking in the summer, falling 
from the beginning of the autumn and reaching its 
lowest level during the winter. High flow rates do 
not usually increase SSC levels, and the low ones 
that are characteristic of the summer period in-
crease water retention time in the river, favouring 
the development of phytoplankton and a shift to-
wards organic SSC.

5. Discussion

In lowland rivers across the globe, most sediment 
transport takes place as suspended load (Walling, 
2008). As this load is also an important medium for 
the transport of pollutants, it needs to be considered 
in water quality assessments, especially in times of 
increasing anthropopressure and stricter legal reg-
ulations regarding environmental protection. The 
importance of such monitoring is further empha-
sised by the increasing rates of change observed 
in the natural environment of river valleys due to 
urbanisation.

Studies performed by the monitoring network 
operated by state institutions typically determine 
the total suspension in water. However, studies 
have confirmed that accurate recognition of the 
catchment and evaluation of measured data, such 
as during assessment of water quality in catchment 
management plans, requires an accurate under-

Fig. 5. General trends between SSC and selected parameters resulting from measurements in lowland rivers.



178 Katarzyna Skolasińska

standing of the composition of suspended particles 
and their origin, i.e., whether they derive from al-
lochthonous or authigenic sources (e.g., Hillebrand 
et al., 2018). My present findings demonstrate that 
any such monitoring should evaluate the mineral 
and organic components of the suspension as sepa-
rate parameters, and the assessment should reflect 
the impact of environmental factors (precipitation, 
water temperature, discharge, sun exposure, land 
use and anthropopressure) on their concentration 
and composition. Organic components and biotic 
processes in particular are rarely included in assess-
ments of river dynamics of suspended sediment 
loads. However, as high concentrations of such or-
ganic suspensions may have a negative impact on 
the ecological status of rivers (Hilton et al., 2006), 
there is a strong need to identify the driving forc-
es behind variation in suspended sediment load, as 
well as their contributions.

Although such research into the ecological sta-
tus of rivers under conditions of observed climate 
change has already been carried out in central Euro-
pean countries, including the Czech Republic (De-
sertova & Puncochar, 2011), Germany (Zwolsman & 
Van Bokhoven, 2007; Van Vliet & Zwolsman, 2008; 
Hillebrand et al., 2018) and Slovenia (Bezak et al., 
2016), no such studies have been published in Po-
land to date. Such research is needed in Poland, as 
the country is located in an area that is poor in water 
and particularly sensitive to ongoing and predicted 
climate change. Over the course of the next 50 or 
even 100 years, a clear reduction in water resourc-
es is to be expected, coupled with increasing water 
deficits, particularly in lowland areas, as a result of 
an increase in field evaporation (see Jokiel, 2004; 
Kundzewicz et al., 2018). In addition, one potential 
negative effect of global warming is the increase in 
the proportion of suspended particles in rivers. The 
expected increase in air and water temperatures 
over the coming years is predicted to result in more 
frequent and longer periods of drought, and thus 
greater phytoplankton biomasses in rivers (Fig. 6). 

There is therefore a clear need for more research in 
this area, all the more so considering that biomass is 
a key element in assessments of the ecological sta-
tus of surface water bodies according to the Water 
Framework Directive (WFD 2000/60/ EC).

Although measured records of SSC levels are vi-
tal in supporting water management activities, the 
available time series are often incomplete and, as 
such, not suitable for some analyses. Currently, in 
the river monitoring network in Poland, SSC testing 
is typically performed six to twelve times a year at 
selected sites; however, this does not allow for any 
analysis of short-term fluctuations in concentration. 
In addition, while incomplete data series can be 
interpolated by various models (Cisty et al., 2021), 
their precision is limited by the small amount of in-
put data. An understanding of the ratio of mineral 
and organic forms of suspended sediment and its 
temporal fluctuation in lowland rivers will not only 
fill an existing gap in our knowledge, but will also 
improve the calibration of models and allow more 
precise scenario analyses.

Finally, SSC data are a key component in esti-
mates of the denudation rate in catchments, and 
these estimates may be subject to considerable er-
rors if SSC data are not analysed in parallel with the 
supply from anthropogenic sources, which often 
provide high quantities of SSC and are responsi-
ble for “unnatural” fluctuations. In addition, errors 
may occur if the organic suspension is the domi-
nant component of the SSC: the formation of phy-
toplankton in the river in situ periodically results in 
an increase in SSC, and while not related in any way 
to denudation in the catchment area, this exaggerat-
ed value can distort the results of the analysis.

6. Conclusions

Based on a review of the literature, inclusive of 
some pilot measurements by myself, the following 
conclusions can be drawn:

Fig. 6. Effects of climate change in rivers.
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 – Suspended load may have different origin, both 
allogenic and authigenic, and may consist of 
mineral and organic components.

 – Mineral and organic suspensions demonstrate 
different fluctuation patterns (incompatible, 
inverse trends) under the influence of environ-
mental factors during the hydrological year.

 – By analysing the organic suspensions as sepa-
rate components, clear seasonal trends will be 
obtained, and these trends will indicate that or-
ganic suspensions of authigenic origin have a 
strong influence on the dynamics of changes in 
suspension concentration.

 – Generally, in lowland rivers, the highest SSCs 
are typically recorded during the summer, i.e., 
at lowest discharges. The SSC decreases during 
floods; this feature is an important difference 
with upland or mountain rivers.

 – It is necessary to distinguish between organic 
and mineral suspension in order to draw correct 
conclusions on the functioning of the river catch-
ment studied.
The topic of suspended load in lowland rivers is 

still open-ended. Further research is needed, with 
the emphasis on qualitative analysis, particularly 
that which addresses the composition of the sus-
pension, broken down into mineral and organic 
components and their quantitative ratios.

Acknowledgements

I wish to thank Bogumił Nowak for numerous con-
structive discussions and participating in the sam-
pling of water from the River Warta in 2005.

References

Bettess, R., 1994. Sediment transport and channel stabili-
ty. [In:] Calow, P. & Petts, G.E. (Eds): The Rivers Hand-
book. Blackwell Scientific Publications, pp. 227-253.

Bezak, N., Šraj, M. & Mikoš, M., 2016. Analyses of sus-
pended sediment loads in Slovenian rivers. Hydrolog-
ical Sciences Journal 61, 1094–1108.

Biedenharn, D.S., Thorne, C.R. & Watson, C.C., 2006. 
Wash load / bed material load concept in regional sediment 
management. Proceedings of the Eighth Federal Inter-
agency Sedimentation Conference, Reno, USA, 483-
490.

Brański, J., 1967. Dokładność punktowego pomiaru 
zmącenia wody. [Accuracy of the point measure-
ments of the water turbidity]. Wiadomości Służby Hy-
drologicznej i Meteorologicznej 3, 19–30 (in Polish, with 
English summary).

Brański, J., 1968. Oznaczenie ilości unosin metodą wag-
ową bezpośrednio przy użyciu sączków. [Determina-
tion of suspended load by direct weight method using 
filters]. Prace Państwowego Instytutu Hydrologiczno-Me-
teorologicznego 94, 13–21 (in Polish, with English sum-
mary).

Cisty, M., Soldanova, V., Cyprich, F., Holubova, K. & Si-
mor, V., 2021. Suspended sediment modelling with 
hydrological and climate input data. Journal of Hy-
droinformatics 23, 192-210.

Desertova, B. & Puncochar, P., 2011. Variability of phy-
toplankton biomass in a lowland river: Response to 
climate conditions. Limnologica 41, 160–166.

Einstein, H.A., Anderson, A.G. & Johnson, J.W., 1940. A 
distinction between bed-load and suspended load in 
natural streams. Transactions of American Geophysical 
Union 21, 628-633.

Hillebrand, G., Hardenbicker, P., Fisher, H., Otto, W. & 
Vollmer, S., 2018. Dynamics of total suspended matter 
and phytoplankton loads in the river Elbe. Journal of 
Soils and Sediments 18, 3104-3113.

Hilton, J., O’Hare, M., Bowes, M.J. & Jones, J.I., 2006. How 
green is my river? A new paradigm of eutrophication 
in rivers. Science of the Total Environment 365, 66-83.

Jarocki, W., 1957. Ruch rumowiska w ciekach; badanie 
oraz obliczanie ilości materiału wleczonego i uno-
szonego. [The movement of sediments in streams; stud-
ying and calculating the amount of bed-load and suspend-
ed-load]. Wydawnictwo Morskie, Gdynia, 356 pp. (in 
Polish).

Jokiel, P., 2004. Zasoby wodne środkowej Polski na 
progu XXI wieku. [Central Poland’s water resources at 
the threshold of the 21st century]. Wydawnictwo Uniw-
ersytetu Łódzkiego, 114 pp. (in Polish, with English 
summary).

Kaniecki, A., 2004. Poznań. Dzieje miasta wodą pisane. 
[The History of the City Written with Water]. Wy-
dawnictwo PTPN, Poznań, 724 pp. (in Polish, with 
English summary).

Khullar, N.K., 2007. Transport of fines / wash load 
through channels – a review. Hydrology Journal 30, 43-
63.

Khullar, N.K., Kothyari, U.C., Ranga Raju, K.G., 2010. 
Suspended Wash Load Transport of Nonuniform 
Sediments. Journal of Hydraulic Engineering 136, 8, 534-
543.

Kundzewicz, Z.W., Piniewski, M., Mezghani, A., Okrusz-
ko, T., Pińskwar, I., Kardel, I., Hov, Ø., Szcześniak, 
M., Szwed, M., Benestad, R.E., Marcinkowski, P., 
Graczyk, D., Dobler, A., Førland, E. I., O’Keefe, J., 
Choryński, A., Parding, K.M. & Haugen, J.E., 2018. 
Assessment of climate change and associated im-
pact on selected sectors in Poland. Acta Geophysica 66, 
1509–1523.

Olive, L.J. & Rieger, W.A., 1992. Stream suspended sed-
iment transport monitoring – why, how and what is 
being measured? IAHS Publications 210, 245-254.

Pagano, S.G., Sollitto, D., Colucci, M., Prato, D., Milil-
lo, F., Ricci, G.F. & Gentile, F., 2020. Setting up of an 
experimental site for the continuous monitoring of 
water discharge, suspended sediment transport and 



180 Katarzyna Skolasińska

groundwater levels in a Mediterranean Basin. Results 
of one year of activity. Water 12, 3130; doi:10.3390/
w12113130.

Pasławski, Z., 1973. Metody hydrometrii rzecznej. [Riv-
er hydrometry methods]. Wydawnictwa Komunikacji 
i Łączności, Warszawa, 338 pp. (in Polish).

Peng, T., Tian, H., Singh, V.P., Chen, M., Liu, J., Ma, H. 
& Wang, J., 2020. Quantitative assessment of drivers 
of sediment load reduction in the Yangtze River ba-
sin, China. Journal of Hydrology 580; doi:10.1016/j.hy-
drol.2019.124242.

Ptak, M., Sojka, M., Kałuża, T., Choiński, A. & Nowak, 
B., 2019. Long-term water temperature trends of the 
Warta River in the years 1960–2009. Ecohydrology and 
Hydrobiology 19, 441-451.

Shah-Fairbank, S. & Julien, P.Y., 2015. Sediment load cal-
culations from point measurements in sand-bed riv-
ers. International Journal of Sediment Research 30, 1-12.

Siakeu, J., Oguchib, T., Aokic, T., Esakid, Y. & Jarviee, 
H.P., 2004. Change in riverine suspended sediment 
concentration in central Japan in response to late 20th 
century human activities. Catena 55, 231-254.

Skolasińska, K. & Nowak, B., 2018. What factors affect 
suspended sediment concentrations in rivers?: A 
study of the upper Warta River (Central Poland). Riv-
er Research and Applications 34, 112-123.

Skolasińska, K., Nowak, B. & Bradtke, K., 2020. A 
two-decade record of variations in suspended sedi-
ment in the Warta River, a lowland river in western 
Poland. Geological Quarterly 64, 1048–1060.

Van Vliet, M.T.H. & Zwolsman, J.J.G., 2008. Impact of 
summer droughts on the water quality of the Meuse 
River. Journal of Hydrology 353, 1–17.

Vercruysse, K., Grabowski, R.C. & Rickson, R.J., 2017. 
Suspended sediment transport dynamics in rivers: 
Multi-scale drivers of temporal variation. Earth Sci-
ence Reviews 166, 38-52.

Vercruysse, K., Grabowski, R.C., Hess, T. & Lex-
artza-Artza, I., 2020. Linking temporal scales of sus-
pended sediment transport in rivers: towards im-
proving transferability of prediction. Journal of Solis 
and Sediments, Advances in sediment science and manage-
ment Available online 29 May 2020.

Walling, D.E., 2008. The changing sediment loads of the 
world’s rivers. Annals of Warsaw University of Life 
Sciences – SGGW, Land Reclamation 39, 3-20.

Walling, D.E. & Fang, D., 2003. Recent trend in the sus-
pended sediment loads of the world’s river. Global and 
Planetary Change 39, 111-126.

Warrick, J.A. & Rubin, D.M., 2007. Suspended-sediment 
rating curve response to urbanization and wildfire, 
Santa Ana River, California. Journal of Geophysical Re-
search 112, p.15, DOI: 10.1029/2006JF000662.

Williams, G.P., 1989. Sediment concentration versus wa-
ter discharge during single hydrological events in riv-
ers. Journal of Hydrology, 111, 89-106.

Woo, H.S., Julien, P.Y. & Richardson E.R., 1986. Wash 
load and fine sediment load. Journal of Hydraulic En-
gineering 112, 541-45.

Yang, C.T. & Simões, F.J.M., 2005. Wash Load and 
Bed-Material Load Transport in the Yellow River. 
Journal of Hydraulic Engineering 131, 5, 413-418.

Yuill, B.T. & Gasparini, N.M., 2011. Hydrologic con-
trols on wash load sediment concentrations within a 
low-ordered, ephemeral watershed. Journal of Hydrol-
ogy 410, 73–83.

Zwolsman, J.J.G. & Van Bokhoven, A.J., 2007. Impact of 
summer drought on water quality of the Rhine Riv-
er – a preview of climate change? Water Science and 
Technology 56, 45–55.

Manuscript submitted: 25 August 2021 
Revision accepted: 3 November 2021




